The Humboldt Large Marine Ecosystem (HLME) and Patagonian Large Marine Ecosystem (PLME) are the two largest marine ecosystems of the Southern Hemisphere, respectively located along the Pacific and Atlantic coasts of southern South America. This work investigates the exchange between these two LMEs and its variability, employing numerical model results and offline particle tracking algorithms. 27 years of a 1/12 • ROMS configuration (CMM) show a general poleward transport 5 on the Southern region of HLME, and equatorward on the Patagonian Shelf (PS). A mean transport across Cape Horn's shelf
In the SPS1 region, there is a net inflow from both Magellan Strait (0.10Sv), Le Maire Strait (0.17Sv) and the shelf break (0.62Sv). These inflows are compensated by a net northward outflow of 0.88Sv at 51 • S. This mass balance is in line with previous studies (0.5 to 0.8Sv, based on a regional implementation of the Princeton Ocean Model (Palma et al., 2008; Matano and Palma, 2008) ). The transport through both straits accounts for 30% of the total inflow onto the SPS, with a larger inflow through Le Maire Strait than the Magellan Strait. The main source of waters to the SPS is through the shelf break (0.62Sv) and 155 is associated with the inflow of waters across the southern ME section. Most of this on-shelf transport (0.5Sv) occurs south of 52.5 • S. Though the transport through the Magellan Strait is minor, it impacts greatly on the hydrographic characteristics of the PS, generating a coastal jet that leads to the development of a low-salinity plume extending downstream up to 46 • S. The MIS 6 https://doi.org/10.5194/os-2019-99 Preprint. Discussion started: 11 September 2019 c Author(s) 2019. CC BY 4.0 License. is more exposed to the influence of open-ocean waters and the MC. A net inflow of 1.15Sv penetrates through the southern section (mainly from the ME, accounting for 70% of the total inflow), and 0.52Sv exit northward towards the MC. A large 160 fraction of the intruding waters (0.64Sv) remains on the shelf and flows westwards to join the net equatorward flow on the PS.
Both flows, from SPS1 and MIS, join and flow into SPS2. This is the only location where we observe a significant offshelf (negative) transport (−0.28Sv) from the PS, even if most of the water (80%) entering the SPS2 through its southern boundary remains on the shelf and flows equatowards. ORCA outputs over the same subregions. The mean flow calculated from the average velocity fields from ORCA is in good overall agreement with the results from the ROMS simulation (Table 1) , as the circulation patterns are similar. The acrossshelfbreak transports are smaller in ORCA. As a result, the inflows on the SCHS are limited, resulting in negligible transport along the Pacific shelf, but the total transport across the shelf section through CHS is of the same order as the CMM transport This experiment shows that the majority of surface waters in the PS originate in the Cape Horn shelf and enter the Atlantic through the Magellan and Le Maire straits and east of Staten Island. These particles are derived either from the surface waters 205 in the southeast Pacific, north of 56 • S at 76 • W, or from the CHC. The deeper particles come from further north along the slope current (meaning they traveled faster) and several of these particles flow along the shelf break north of the SAF before reaching the CHS. It is important to note that apart from a few particles on the Malvinas Shelf, there are no waters originally deeper than 100m entering the shelf in this climatological experiment, neither are waters derived from south of the SAF reaching the Atlantic shelf.
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The above described particle paths indicate that the Drake Passage and CHS represent a key region for the exchange between the two LMEs, as no particle released south of 57 • S in the averaged fields penetrates the PS. At the latitude of Cape Horn, the shelf features a change of orientation and is under the influence of strong flows associated with the SAF and the northern branch of the ACC. In order to better display the path of the particles flowing through the northern Drake Passage, quantitative monthly experiments were conducted. Passage and reaching the SPS1 (Fig. 6 (a) ) and the ME (Fig. 6 (b) ), after 90 days of advection. The right panels in Fig. 6 show 225 the propagation of the particles onto SPS1 ( Fig. 6 (a) ) and ME ( Fig. 6 (b) ) at 30, 90, 180 and 365 days.
On average for each simulation, 509 particles reach SPS1, and 381 reach the ME. Among them, 93% of the particles flowing through SPS1 and 49% of the particles flowing through the ME come from the CHS. No particle south of 57.48 • S reaches boosting a larger inflow to SPS1.
The transport variability on the MIS is more complex. The incoming transport through the southern boundary (blue line in Fig. 8 (e) ) does not present a marked seasonal variability. However, the northward flow towards the MC increases in austral winter (red line in Fig. 8 (e) ), which is partially compensated by a transport decrease towards the SPS (green line in Fig. 8 (e)). The transport through the southern and northern boundaries of SPS2 (blue and red lines in Fig. 8 (d) , respectively) have 275 very similar seasonal cycles to those observed at the offshore boundaries of SPS1 and MIS (green lines in Fig. 8 (c) and 8 (e), respectively). Since the transports through the Magellan and Le Maire straits are relatively small, the seasonal variability of the northward transport in the southern PS appears closely associated with the variability of the shelf-open ocean exchanges. tions. Also shown in Fig. 9 are the spatially averaged zonal winds from ERA-Interim in the same areas, used as forcing for the simulations. A 12-month running mean is applied to the data to filter the seasonal signal. No significant trend in the transport is observed over the nearly 3 decades of simulations, neither in the forcing. The interannual variability of the transport anomalies in ORCA is in very good agreement with CMM (not shown), with a correlation above 0.7 on CHS and PS.
Interanual Variability
On the SCHS, the most significant anomaly occurs in 1998, when the inflow from the deep ocean decreased by ≈0.2 further north (blue line in Fig. 9 (b) ) is decorrelated from the exchange across the 200-m isobath, but the resulting eastward transport at 68 • W (red line in Fig. 9 (b) ) depends on both the along-shelf and across-shelf variability (correlations of 0.72 and 0.79 respectively). Both regions present an interannual variability correlated with the variability of the zonal and meridional components of the local wind (Table 3) . The variability of the transport anomaly on the southern PLME (SPS1 and SPS2) presents larger amplitudes than on the southern HLME, with remarkable minima in 1989 and 1999, and maxima in 1996 and 2003. The inflow through Le Maire Strait, although small compared to the across-shelf exchange, is highly dependent on the upstream variations over the CHS (r = 0.79, Table 2 ). The transport across the southwestern MIS section (cyan line in Fig. 9 (e) ) and the SPS Shelf-break sections (green lines in Fig. 9 (c) and (d) ), though both are bounded by the ME, are poorly correlated (r = 0.14) suggesting that these 295 exchanges are controled by local dynamics. Indeed the interanual anomaly of transport across the southwestern section of MIS if highly correlated to the interanual zonal wind averaged over the MIS area (r = 0.74, Table 3 ). On the other hand, the intrusion of the MIS waters onto the PS through its western section are moderately correlated with the SPS1 transport anomalies (r = 0.37), suggesting different drivers. The transport variations across the southern boundary of SPS2 (blue line in Fig. 9 (d) ) are equally dependent on the variability of the northern boundary of SPS1 (red line in Fig. 9 (e) ) and the western boundary in MIS 300 (r = 0.82 and 0.81, respectively). Positive transport anomalies across the southern boundary of the SPS2 are associated with increased outflow at the shelf-break. Table 3 . Correlation between the SAM, local wind anomalies, and the transport anomalies across selected sections calculated from CMM: SCHS (South), CHS (East), SPS1 (LMS and Shelf), SPS2 (South), MIS (South-West and West). For each section, the local wind anomaly is calculated in the shaded regions indicated in Fig. 9 . High-correlations (equal or above 0.7) are shown in bold.
The analysis of the spatio-temporal variability of the simulated transport suggests that the interannual transport variability at shelf-break boundary in SPS1 (green line in Fig. 9 (c) ) controls a substantial part of the variability of the northward transport all along the PS shelf. To further understand the nature of the interannual transport variability on the PS we compare the transport MIS (e). On the right, a reference map shows in colors the sections of each key area where the monthly transport has been calculated. The grey line in each panel is the zonal wind stress in the area, calculated in the shaded regions indicated in the reference map. A 12-month running mean is applied to the data to filter the seasonal signal.
anomalies entering the SPS1 from the shelf-break against climatic indices, for both simulations. The transport variations show a significant correlation with the Southern Annular Mode (SAM) index (Marshall, 2003) , in both CMM and ORCA (respectively r = -0.52 and -0.63, Fig. 10) To further investigate the relationship between the SAM and the shelf transport we carried out an EOF analysis of the zonal and meridional winds based on the ERA-Interim data between 1980 and 2006. Though the mean zonal wind is significantly 310 larger than the meridional wind, the amplitude of the interannual variability of both components is similar ( Supplementary   Fig. S1 ). The first EOF mode of the meridional wind (EOF1v), which explains 30% of the total variability, presents a dipole structure with positive loadings over most of the southern portion of the shelf around southern South America and negative loadings farther north in the Pacific and farther northeast in the Atlantic (Fig. 11 (c) ). This spatial pattern is robust and also emerges in the first EOF modes of sea level pressure and meridional wind in the Southern Hemisphere south of 20 • S (see with the SAM index (-0.67, Fig. 11 (e) ) and the northward transport through SPS1 (0.68, Fig. 11 (f) ). These results are in agreement with the recent analyses of Combes and Matano (2018) , who suggested that the wind stress modulates the magnitude of the cross-shelf exchanges at the southern boundary of the Atlantic shelf. As will be discussed below, the on-phase variations of the meridional winds at either side of South America have significant dynamical implications for the circulation over the 320 continental shelves. The first EOF mode of the zonal wind (EOF1u), which explains 38% of the total variability, shows a spatial structure very similar to EOF1v over southern South America, with a positive zonal band that reaches 40 • S (Fig. 11 (a) ). Its time series is also moderately correlated with the SPS1 transport anomalies but they are out of phase, that is during positive SAM phases stronger westerly winds drives weaker northward shelf transport. Note that although stronger westerlies promote larger northward Ekman transport they also generate larger (southward) geostrophic coastal currents (Palma et al., 2008) that 325 are in phase with the shelf transport anomalies.
Conclusions
Our analyses of numerical simulations allow the study of the interannual variability of the exchange between the southern portions of the HLME and PLME and their variability over three decades. Results from two numerical models are used to quantify the transport over the shelf. Both simulations have been validated based on observations and have been widely used 330 (Combes and Matano, 2018; Duchez et al., 2014) . We used model outputs featuring the same space and time resolutions (monthly outputs at 1/12 • ). However the models were independently developed and feature different parametrizations. Though our objective is not to make a formal inter-comparison of the models, due to the scarcity of observations, a discussion of the their similarities and differences is useful to qualitatively determine which features of the circulation and their variability are more robust. While ORCA is a global configuration based on the NEMO code, the CMM configuration is a two-way nested representation of the shelf and slope circulation. ORCA features only 31 levels in the upper 200m. It is also important to note that the Magellan strait inflow to the Atlantic shelf in the CMM simulation is implemented with a prescribed low salinity near 340 the Atlantic mouth. In ORCA there is no correction on the MS salinity and therefore its discharge on the PS have salinities lower than observed. This point is of major importance in terms of water mass characteristics, but the resulting along-shelf transport is not significantly impacted by this correction, as the transport through the MS is similar in both simulations and its contribution in the overall mass balance of the southern PS is relatively small. Despite all these differences, both models are in very good agreement in terms of circulation features over the shelf, and present comparable transport intensities and variability, 345 though ORCA presents less intense shelf-open ocean exchange. For example, the transports across the shelf-break from 51 to 54.8 • S (SPS1) in both models are well correlated (r = 0.75). This transport is also highly correlated with the SAM index in both simulations, suggesting that the wind variability partially controls the exchange between the shelf and the adjacent deep ocean.
It is also important to note at this point that both simulations are forced at the surface by ERA reanalysis (ERA-40 for ORCA and ERA-Interim for CMM). ERA-Interim features an improvement in resolution, data assimilation methods and physics but 350 these changes do not impact greatly on the representation of the winds at monthly scale (Dee et al., 2011) .
The combination of lagrangian and time series analysis allows better understanding of the pathways and quantifying the inputs of the different entry points into the southwest Atlantic shelf, and their variability. The shelf-deep ocean transports were
